Regulation of Dendritic Spine Morphology by SPAR, a PSD-95-Associated RapGAP
interactor" (accession #AF026504) (see also Deguchi et al., 1998) . Over its 1783 residue length, SPAR is 95% 1997). However, two independent clones isolated in this screen (SG40 and SG82) encoded the C-terminal 278 identical to a human protein named E6TP1␣ previously identified as a target for degradation by human papiland 277 amino acids, respectively, of a distinct protein that we named SPAR ( Figure 1A tern of F-actin derangement, the distribution of mycwhile the N-terminal SPAR peptide had no effect on SPAR coincided precisely with the phalloidin staining, the coimmunoprecipitation ( Figure 1G, of untransfected cells (Figure 5E2, arrowhead) . Morethese spines were at the upper end of the size distribution for GFP neurons ( Figure 7I ). These observations over, not only did the enlarged spines contact synaptophysin clusters (Figure 5F ), the majority (64%) of spines suggest that, along with spine head enlargement, SPAR promotes the growth of postsynaptic specializations of Ͼ1 m width were apposed to more than one synaptophysin cluster ( Figure 5F3 , arrows, and data not and possibly the formation of multiple synapses on individual dendritic spines. However, these points require shown). We found an approximately linear correlation between spine width and number of associated synapultrastructural verification. Figure  7I ). In control GFP neurons, less than 2% of spines were being highly enriched in dendritic spines ( Figure 5G ). In addition to spines, F-actin was often coaggregated with apposed to more than a single synaptophysin punctum; 
(A2). (B-D) COS cells cotransfected with full-length PSD-95 and mycSPAR and double-stained for mycSPAR (B1, D2), PSD-95 (B2, C2), or F-actin (C1, D1). (E) COS cell cotransfected with mycSPAR and PSD-95⌬GK and double-labeled for mycSPAR (E1) and PSD-95⌬GK (E2). (F-H) COS cells cotransfected with PSD-95 and mycSPAR(⌬GKBD) and double-labeled for PSD-95 (F2, G2), SPAR

In transfected neurons, SPAR colocalized with F-actin, tophysin puncta in SPAR-transfected neurons (
05). The isolated Act2 domain overex-COS cells. There were no dramatic changes in F-actin
pressed by itself had no effect on spines (data not staining within dendritic shafts, which show low levels shown), presumably because it cannot target to spines of phalloidin staining ( Figure 5G2 ). No change was noted or synapses. Thus, Act2 appears to be critical for SPAR's in the dendritic complexity of SPAR-transfected neurons ability to promote spine head growth; this may be related (data not shown).
to the propensity of Act2 to reorganize F-actin in COS To determine which domains of SPAR were responsicells (see Figure 3H ). ble for its targeting to spines, we transfected hippocamDeletion of the GKBD domain had no effect on spine pal neurons with various SPAR mutants. The targeting localization of SPAR (⌬GKBD; Figure 6I2) Concomitant with an increase in the size of spine heads, resembled filopodia. These results suggest that Rapwe observed a striking effect of SPAR on the shape of GTP might promote spine elongation. dendritic spines. Spine shape is developmentally reguThe SPAR mutant lacking Act1 (⌬Act1) still showed lated, generally progressing from filopodia in early designificant spine-enlarging activity (Figure 6G1) , albeit velopment to "stubby," "thin," or "mushroom" shaped less than wild-type SPAR ( Figure 7K ). Of the constructs spines in mature brain or cultured neurons (Ziv and tested, only wild-type SPAR (‫-6ف‬fold) and ⌬Act1 ‫-3ف(‬ Smith, 1996; Fiala et al., 1998; Harris, 1999). In the hippofold) increased the fraction of spines of Ͼ1 m width campal neurons used here ‫12-71ف(‬ DIV), ‫%06ف‬ of the ( Figure 7M) . Thus, the Act1 domain is not absolutely dendritic spines on pyramidal cells are mushroomrequired for SPAR's ability to enlarge spines. That ⌬Act1 shaped ( Figure 8M) , with a thin neck and a single wellis less effective in spine enlargement than wild-type defined head that is relatively smooth in contour and SPAR could be explained by its relatively weak enrichglobular in shape (e.g., Figure 8A ). In SPAR-transfected ment in spines (spine/shaft ratio of SPAR⌬Act1 ϭ 1.53; neurons, however, a substantial proportion of spines, Figure 6G2) . particularly larger spines, were highly irregular in shape Unlike Act1, Act2 is not required for spine targeting (compare Figure 8A with Figure 8F ; quantified in Figure  of SPAR (Figure 6H2, spine/shaft ratio of ⌬Act2 ϭ 4.23),  8N ). The irregularity of spine shape in SPAR neurons but its deletion abolished spine enlargement by SPAR was of two major types: "thorny" spines with sharp pro- (Figures 6H1 and 7K) . In fact, ⌬Act2 caused a shrinkage jections or outgrowths ( Figures 8G-8I) , and "multilobed" of spine heads (Figure 7K ; 0.55 m Ϯ 0.03 versus 0.67 Ϯ spines which appeared to have multiple "heads" fused 0.09 m for GFP control, p Ͻ 0.01), as well as a shortening of spine length, presumably due to its intact GAP together atop a single neck (Figures 8J-8L) . We also measured the maximal crosssectional area of spines by lacking a discernible head) were virtually absent from SPAR neurons, whereas neurons transfected with tracing the outlines of the heads using z-series stacks of confocal images, which confirmed that the SPAR neuGAPmut SPAR (R807A/T808S mutant) showed an increase in the number of filopodia ( Figure 8M ). In addition, rons possessed larger spines than GFP neurons in terms of spine head area ( Figure 8O ). The degree of irregularity irregularity of dendritic spine morphology was not seen in neurons transfected with GAPmut SPAR ( Figure 8N ). of spine heads was quantified by the circularity index: the lower the index, the more complex the shape, with a Thus, RapGAP activity is required for both the enlargement of spine heads and for the increased complexity maximal value of 1 for a perfect circle (see Experimental Procedures, and Amaral and Dent, 1981). Plotting area of spine shape induced by SPAR, implicating Rap signaling in the regulation of spine morphology. against the circularity index confirmed that spines from SPAR neurons were more complex than those from GFP neurons and established that irregularity was correlated Discussion with increased spine head area ( Figure 8O the spine (spine head enlargement) with accompanying increase in morphological complexity of the spine head.
SPAR Regulation of Actin Cytoskeleton
This activity requires domain Act2, which has powerful SPAR had a striking effect on the actin cytoskeleton in effects on F-actin organization. Because the GAPmut heterologous cells, mediated by two independent do-(which retains Act2) is ineffective at spine head enlargemains, Act1 and Act2. Act1 and Act2 probably interact ment, we infer that Rap activity on elongation is "domiwith the actin cytoskeleton via distinct mechanisms, nant," i.e., Rap needs to be inhibited before SPAR can because these domains lack sequence similarity, have induce equatorial expansion of the spine head. SPAR contain higher levels of PSD-95 immunoreactivity, consistent with an expansion of the PSD. Indeed, SPARRole of SPAR in Dendritic Spines enlarged spines were frequently associated with multiIn cultured hippocampal neurons, SPAR is enriched parple discrete puncta of synaptophysin staining, sugticularly in large spines, suggesting a role in spine gesting that these spines may have developed multiple growth and maturation. Consistent with this proposed synaptic contacts. Ultrastructural analysis will be refunction, SPAR exerts a local effect on the morphology quired, however, to establish this definitively. of spine heads, causing an enlargement and an increase
The highly irregular appearance of many spines in in complexity of spine shape when overexpressed.
SPAR-overexpressing neurons is suggestive of spines These morphological effects require three domains of that are dividing. It is controversial whether spine division is a structural correlate of synaptic plasticity (Nieto-SPAR: GKBD, RapGAP, and Act2. Because GKBD has and the index of circularity R calculated with the formula R ϭ 4 genesis via dendritic filopodia in developing hippocampal area CA1. J. Neurosci. 18, 8900-8911. area / perimeter 2 (Amaral and Dent, 1981).
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